Introduction {#s1}
============

Acute kidney injury (AKI) is a frequent and serious complication of cardiac surgery. The incidence of AKI following cardiac surgery has been reported to vary between 1% and 30%, depending on the criteria used to define the complication. [@pone.0064104-Huen1]--[@pone.0064104-Shaw1] AKI is an independent predictor for short- and long-term morbidity and in-hospital mortality, with a two fold to three fold increase in risk. [@pone.0064104-Rosner1] The etiology of AKI following cardiac surgery is poorly understood, but it is believed that ischemic injury of the kidneys, resulted from inadequate perfusion, is a major factor. In past several years, several investigators attempted to identify the risk factors for AKI after cardiac surgery. And peripheral vascular disease was found as one of the risk factors. [@pone.0064104-Chertow1], [@pone.0064104-Barbash1]--[@pone.0064104-vanStraten1] Peripheral vascular disease and coronary artery disease commonly co-exist [@pone.0064104-Yang1], [@pone.0064104-Yang2] with incidental ARAS and atherosclerotic vascular disease elsewhere. Thus some patients with multiple coronary vessels disease may had unidentified ARAS when receiving coronary artery bypass graft (CABG) or valve replacement. There appear to be less data on the outcome of cardiac surgery in patients with renal artery stenosis as the cause of renal dysfunction. There was a case report that renal angioplasty prior to coronary surgery, in patients with concomitant renal and coronary artery disease, may reduce perioperative kidney injury, [@pone.0064104-MartinUcar1] while Conlon PJ et al. [@pone.0064104-Conlon1] showed renal artery stenosis was not associated with the development of acute renal failure following CABG. However they did find carotid artery bruit, a form of peripheral artery disease, was a risk factor of acute renal failure following CABG. Since atherothrombosis is a diffuse process, which suggested that patients with multiple-site atherosclerotic disease could predispose to perioperative renal dysfunction. We designed this study to evaluate the relationship between ARAS and AKI after cardiac surgery. Because duration of cardiopulmonary bypass (CPB) is associated with renal outcome, it has been proposed that avoidance of CPB with off-pump coronary bypass (OPCAB) may reduce perioperative renal insult. We also analyzed the effect of types of surgical procedures (CPB vs. OPCAB) on the postoperative renal function in patients with ARAS.

Methods {#s2}
=======

Patients {#s2a}
--------

This was a retrospective cohort study performed at the cardiovascular center, Beijing Tongren Hospital, China. Data from a previously described cohort were used for the present study. [@pone.0064104-Yang3] Among 859 consecutive patients undergoing abdominal aortography at the time of cardiac catheterization from March 2000 to October 2002, 212 patients were included in the study, which represented about one fourth of cardiac surgery performed in this period. Whether patients needed coronary angiography and CABG were decided by cardiologists who were not involved in the study. The results of screening abdominal aortography were communicated to the patients' physicians. Patients with a serum creatinine level greater than 2.5 mg/dL (221 µmol/L) were excluded from consideration because of potential safety concerns about contrast volume administration. We also excluded infrequent procedures (ventricular assist device placement and adult congenital abnormality repair). This study was approved by the Ethics Committee of Cardiovascular Center, Beijing Tongren Hospital, Capital Medical University. Written informed consent was obtained from all participants.

Procedure {#s2b}
---------

Coronary angiography was performed with standard procedures. Arterial access was obtained with 6F intra-arterial sheaths using the modified Seldinger technique. After coronary angiogram, abdominal aortography was performed with a 6F pigtail catheter positioned above the level of the renal arteries to screen anatomical renal artery stenosis. Abdominal aortography was done by injecting 30 ml of Omnipaque 350 at a rate of 20 ml·s^−1^ to a total volume of 30 ml in a 10° left anterior oblique (LAO) projection, as the origins of the right and left renal arteries are well visualized in this projection. The injection was recorded at 30 frames per second. Selective renal artery injections were performed to detect distal renal artery stenosis, or when there were overlapping vessels were present.

For coronary lesions, significant stenosis was defined as a lumen narrowing ≥50%, in comparison with a proximal reference segment. Single-, double-, and triple-vessel disease were defined.

The aortographic image was independently interpreted by two experienced angiographers blinded to patient information. Significant renal artery diseases was defined as one or two renal arteries stenosis ≥50%. Severity of renal artery stenosis determined by aortograhy with a residual proximal renal artery patency scale. [@pone.0064104-Harding1].

Cardiac surgical procedures were performed by the same team, which included CABG alone (n = 176) or combined aortic valve replacement (AVR; n = 8), mitral valve replacement (MVR, n = 6), AVR and MVR (n = 1), aortic root replacement (n = 1), AVR alone (n = 9); MVR alone (n = 11). Surgeries with CPB were in 151 patients and with OPCAB in 61 patients.

Clinical Variables {#s2c}
------------------

[Table 1](#pone-0064104-t001){ref-type="table"} shows the demographic, clinical and laboratory variables. The demographic and anthropometric variables studied as potential risk factors were age, sex, height, weight, body mass index (BMI), and body surface area. The clinical variables evaluated were cardiomegaly (generalized cardiac enlargement on chest radiograph within 30 days of surgery), current tobacco use (within 2 weeks of surgery), diabetes mellitus (requiring therapy with oral agent or insulin), history of hypertension, left ventricular ejection fraction (assessed by two-dimensional echocardiography), NYHA functional class, percent stenosis of left main coronary artery, number of major coronary artery stenosis (≥50%), number of coronary artery anastomoses, preoperative use of an intra-aortic balloon pump (IABP) (within 1 week of surgery), prior history of myocardial infarction, time from contrast administration to surgery, systolic and diastolic blood pressure (mm Hg), and valve surgery. Current medication included digoxin, angiotensin-converting enzyme (ACE) inhibitors, nitroglycerin, beta-blockers, calcium channel blockers and diuretics ([Table 2](#pone-0064104-t002){ref-type="table"}).

10.1371/journal.pone.0064104.t001

###### Differences of baseline, intraoperative and postoperative variables between AKI and non-AKI patients.
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                                                        Non-AKI (n = 129)   AKI (n = 83)      P
  ---------------------------------------------------- ------------------- -------------- ----------
  Demography                                                                              
  Age (y)                                                   59.3±12.4         65.5±7.8     \<0.0001
  Male (%)                                                 100 (77.5)        63 (75.9)      0.785
  Weight (kg)                                               68.9±12.3        70.6±10.3      0.289
  Height (m)                                                1.66±0.10        1.67±0.09      0.686
  Body mass index (kg/m^2^)                                 25.0±4.8          25.4±3.1      0.475
  Body surface (m^2^)                                       1.74±0.20        1.77±0.16      0.338
  Preoperative parameters                                                                 
  ARAS (%)                                                  19 (14.7)        31 (37.3)     \<0.001
  Hypertension (%)                                          79 (61.2)        56 (67.5)      0.484
  Diabetes (%)                                              38 (29.4)        31 (37.3)      0.232
  Current smoker (%)                                        33 (25.6)        15 (18.1)      0.204
  Stroke (%)                                                20 (15.5)        17 (20.5)      0.814
  NYHA class                                                 1.6±0.6          1.9±0.7       0.005
   I (%)                                                    60 (46.5)        25 (30.1)    
   II (%)                                                   57 (44.2)        43 (51.8)    
   III (%)                                                  12 (9.3)         13 (15.7)    
   IV (%)                                                     0 (0)           2 (2.4)     
  Severity of CAD                                            2.3±1.1          2.7±0.8       0.009
   0 (%)                                                    20 (15.5)         4 (4.8)     
   1 (%)                                                     8 (6.2)          5 (6.0)     
   2 (%)                                                    16 (12.4)         7 (8.4)     
   3 (%)                                                    85 (65.9)        67 (80.7)    
  Left main disease (%)                                     21 (16.2)        22 (26.5)      0.023
  Ejection fraction (%)                                       60±12            58±12        0.268
  Cardiomegaly (%)                                          37 (28.7)        20 (24.0)      0.254
  Myocardial infarction (%)                                 43 (33.3)        32 (38.5)      0.438
  Systolic pressure (mmHg)                                   120±17            123±15       0.293
  Diastolic pressure (mmHg)                                   71±9              72±8        0.201
  Time from contrast administration to surgery (day)         9.2±6.7          9.4±12.6      0.404
  On IABP prior to surgery, %                                4 (3.1)          6 (7.2)       0.179
  Albumin (mg/L)                                            35.8±5.8          35.9±4.9      0.845
  BUN (mmol/L)                                               6.6±2.7          6.6±2.1       0.532
  CrPre (µmol/L)                                            90.6±22.1        92.9±26.0      0.490
  Intraoperative parameters                                                               
  Valve surgery (%)                                         26 (20.2)        10 (12.0)      0.078
  OPCAB (%)                                                 40 (31.0)        21 (25.3)      0.371
  Anastomoses                                                3.2±0.9          3.2±0.7       0.828
  Postoperative parameters                                                                
  CrmaxPost (µmol/L)                                        97.7±23.5        169.9±84.0    \<0.001
  ΔCr (µmol/L)                                              21.2±20.5        130.5±80.0    \<0.0001
  %ΔCr                                                        25±25            178±78      \<0.0001

ARAS: atherosclerotic renal artery stenosis; IABP: intra-aortic balloon pump; BUN: blood urea nitrogen; CrPre: preoperative creatinine; NYHA: New York Heart Association; CAD: coronary artery disease; CrmaxPost: peak postoperative creatinine; ΔCr:difference between preoperative creatinine and postoperative creatinine; %ΔCr: percentage change of creatinine.

10.1371/journal.pone.0064104.t002

###### Preoperative Medication Use in Patients Undergoing Cardiac Surgery.
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                                Non-AKI(n = 129)   AKI (n = 83)   P value
  ---------------------------- ------------------ -------------- ---------
  ACE inhibitors, %                91 (70.5)        61 (73.4)      0.148
  Current diuretic, %              33 (25.6)        22 (26.5)      0.782
  Nitroglycerin, %                 72 (55.8)        54 (65.0)      0.182
  Beta-blocker use, %              95 (73.6)        70 (84.3)      0.07
  Digoxin, %                       19 (14.7)         9 (10.8)      0.416
  Lipid lowering agent, %          83 (64.3)        46 (55.4)      0.195
  Calcium channel blocker, %       27 (20.9)        15 (18.1)      0.611

ACE: angiotensin-converting enzyme; AKI: acute kidney injury.

Serum creatinine was measured as routine laboratory tests for all cardiac surgery patients with a normal range of 0.7 to 1.3 mg/dL (62 to 124 µmol/L). The preoperative serum creatinine (CrPre) was the value on the day before surgery. Peak postoperative creatinine (Cr~max~Post) was defined as the highest value of during postoperative periods. Peak percentage change of creatinine (%ΔCr) was defined as the difference between the CrPre and Cr~max~Post. [@pone.0064104-Ascione1] AKI was defined as an absolute increase in serum creatinine of more than or equal to 0.3 mg/dl (≥26.4 µmol/l) or a percentage increase in creatinine of more than or equal to 50% (1.5-fold from baseline) after cardiac surgery [@pone.0064104-Mehta1].

Statistical Analysis {#s2d}
--------------------

Student's t-test and chi-square or Fisher's exact test were used, as appropriate, to evaluate the differences in continuous and categorical variables respectively. Continuous variables without an approximately normal distribution were analyzed by a nonparametric test (Wilcoxon's rank sum). To test the effect of CPB on the development of AKI after cardiac surgery in patients with ARAS, we compared the %ΔCr in patients undergoing cardiac surgery with OPCAB vs. CPB. A correlation study was used to test the relationship between residual lumen patency, ΔCr and %ΔCr.

Propensity scores were the primary tool used to adjust the differences in the observed patient characteristics between groups. [@pone.0064104-McCaffrey1] In this study, propensity scores were calculated for each patient to estimate the probabilities of possible ARAS using multivariable logistic regression analyses. Confounding factors in logistic regression included age, sex, BMI, diabetes, hypertension, smoking, history of stroke and the severity of coronary artery disease. [@pone.0064104-Harding1] Once formulated, the propensity scores was used as a single covariate in another multiple logistic regression model to compare the incidence rates of AKI between the patients with and without ARAS after adjusting for covariates (sex, age, BMI, preoperative serum creatinine, diabetes, hypertension, smoking, stroke, NYHA≥ Class II, CPB, IABP, the severity of coronary artery disease, left ventricular ejection fraction and systolic blood pressure). The level of statistical significance was assigned as P\<0.05. The data were analyzed with SAS 9.3 software (SAS Institute, Cary, NC).

Results {#s3}
=======

Frequency and Severity of ARAS {#s3a}
------------------------------

All 212 patients were technically adequate for the evaluation of the renal artery anatomy. There were 50 (23.6%) patients with significant ARAS at the time of cardiac catheterization. Significant unilateral renal ARAS was identified in 33 (15.6%) patients, and 17 (8.0%) of them with significantly bilateral ARAS. Four patients had in essence one functional kidney due to total occlusion of one renal artery.

Frequency and Severity of AKI {#s3b}
-----------------------------

Postoperative AKI occurred in 83 (39.2%) patients, 62 (74.7%) of them on CPB and 21 (25.3%) on OPCAB. Among them, 2 (0.9%) patients required dialysis therapy. Serum creatinine values increased from 92.9±26.0 to 169.9±84.0 µmol/L in patients with AKI (P\<0.0001). The AKI patients had an operative mortality at 7.2%, while the mortality in remainder of the cohort was 0.8% (P = 0.035).

Predictors of AKI {#s3c}
-----------------

The differences between AKI and non-AKI patients were presented in [Table 1](#pone-0064104-t001){ref-type="table"}. AKI patients were older than non-AKI patients (65.5±7.8 vs. 59.3±12.4, P\<0.0001). More severe cardiac function by NYHA classification was associated with the development of AKI (1.9±0.7 vs 1.6±0.6, P = 0.005). Patients with AKI showed a higher incidence of left main disease (26.5% vs. 16.2%, P = 0.023) or three-vessel coronary disease (80.7% vs. 65.9%, P = 0.009).

Time from cardiac catheterization and contrast administration to surgery was similar between groups. There were no significant differences in gender distribution, diabetes mellitus, hypertension, stroke, myocardial infarction and IABP use et al. Ejection fraction was measured in all patients by echocardiography before surgery, and the results were similar between groups. Preoperative medication use did not differ between AKI and non-AKI groups ([Table 2](#pone-0064104-t002){ref-type="table"}).

The mean CPB duration was 95.3±41.3 min. No patient in OPCAB group converted to CPB. OPCAB did not significantly reduce postoperative AKI compared with cardiac surgery. The AKI occurrence rate was similar in patients who required valve replacement with or without concomitant CABG.

Patients with ARAS showed a significantly higher %ΔCr than those without ARAS (54.5±59.2 vs. 32.5±54.6, P = 0.001). Significant correlation between renal lumen patency and preoperative--to--postoperative %ΔCr was also observed (r = 0.297, P\<0.0001). With propensity score-adjusted, AKI occurrence was significantly higher in patients with ARAS than those without ARAS (OR 2.858, 95% CI 1.260--6.480, P = 0.011) ([table 3](#pone-0064104-t003){ref-type="table"}).

10.1371/journal.pone.0064104.t003

###### Multiple Logistic Regression Adjusted by Propensity Scores.
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                          β      Wald χ^2^   P value    OR        95% CI
  ------------------- --------- ----------- --------- ------- --------------
  ARAS                  0.525     6.3184     0.0119    2.858   1.260--6.480
  Sex                  0.2227     0.2235      0.319    1.561   0.650--3.749
  Age                  0.0581     0.0254     0.0224    1.06    1.008--1.114
  Body mass index      0.0711     0.0443     0.0704    1.074   0.984--1.171
  CrPre                −0.0083    0.0108     0.4425    0.992   0.971--1.013
  Diabetes             −0.0667    0.1923     0.7287    0.875   0.412--1.860
  Hypertension         0.1067     0.2316      0.645    1.238   0.499--3.068
  Current smoker       0.2139     0.2022     0.2901    1.534   0.694--3.389
  Stroke               −0.0669    0.2095     0.7495    0.875   0.385--1.988
  ≥NYHA class 2        −0.3365     0.248     0.1748    0.51    0.193--1.349
  CPB                  0.2918     0.3757     0.4373    0.558   0.128--2.433
  IABP                 0.1944      0.401     0.6278    0.678   0.141--3.264
  Severity of CAD      0.4128      0.25      0.0987    0.438   0.164--1.167
  Left main disease    0.3287     0.2338     0.1276    1.298   0.929--1.595
  EF                   0.0150     0.00666    0.6565    0.993   0.965--1.023
  SBP                  0.0214     0.0115     0.8529    0.998   0.976--1.021

ARAS: atherosclerotic renal artery stenosis; IABP: intra-aortic balloon pump; CAD: coronary artery disease; NYHA: New York Heart Association; CBP: Cardiopulmonary bypass; EF: ejection fraction; SBP: systolic blood pressure.

However, the AKI occurrence rate was similar between patients with ARAS undergoing cardiac surgery with or without CPB. To further assess the effect of CPB and the extent of ARAS on the postoperative renal function in patients with ARAS, we compared ΔCr and %ΔCr in patients with ARAS undergoing cardiac surgery with (n = 30) or without CPB (n = 20). The values of ΔCr and %ΔCr in patients with OPCAB were a little lower than those with CPB, but not significantly ([Figure 1](#pone-0064104-g001){ref-type="fig"}).

![Changes of CrPre, Cr~max~Post, ΔCr and %ΔCr in Patients with ARAS and Undergoing Cardiac surgery.\
ARAS: atherosclerotic renal artery stenosis; OPCAB: cardiopulmonary bypass; OPCAB: off-pump coronary bypass; CrPre: CrPre: preoperative creatinine; CrmaxPost: peak postoperative creatinine; ΔCr: difference between preoperative creatinine and postoperative creatinine; %ΔCr: percentage change of creatinine.](pone.0064104.g001){#pone-0064104-g001}

Discussion {#s4}
==========

Our study demonstrated that ARAS was associated with AKI after cardiac surgery, independent of the use of CPB. In addition, there is a correlation between renal artery patency and preoperative-to--postoperative %ΔCr in patients with ARAS. In previous studies, some authors identified that the history of peripheral vascular disease [@pone.0064104-Chertow1], [@pone.0064104-Barbash1]--[@pone.0064104-vanStraten1], [@pone.0064104-Conlon2], carotid artery bruit [@pone.0064104-Conlon1], [@pone.0064104-Conlon2] or ascending aortic atherosclerosis [@pone.0064104-DavilaRoman1] were the risk factors for AKI after cardiac surgery. These conditions could imply the severity of coronary disease and existing generalized atherosclerosis, while they were also related to the atherosclerotic ARAS. [@pone.0064104-Yang3], [@pone.0064104-Harding1], [@pone.0064104-Shurrab1] Our results strongly support hypotheses that ARAS may also be a predictor of widespread atherosclerotic disease that may predispose to postoperative renal dysfunction.

A previous study, including 798 consecutive adult patients with a wide range of baseline serum creatinine undergoing CABG with CPB, presented that renal artery stenosis is not associated with the development of acute renal failure (serum creatinine increase ≥1 mg/dL) following CABG. [@pone.0064104-Conlon1] However, our result is different. First, we included the patients with valvular surgery because valvular surgery, combined CABG and valve procedure are risk factors for AKI after cardiac surgery. [@pone.0064104-Thakar1] Second, we excluded the patients with preoperative serum creatinine level ≥2.5 mg/dL, since abnormal preoperative serum creatinine level is one of the most important risk factors of AKI after cardiac surgery. [@pone.0064104-Huen1], [@pone.0064104-Chertow1] Third, a robust multivariate logistic regression analysis using propensity scores was performed in our study.

The process causing renal dysfunction in patients with ARAS, peripheral vascular disease [@pone.0064104-Chertow1], [@pone.0064104-Barbash1]--[@pone.0064104-vanStraten1], [@pone.0064104-Conlon2], carotid artery bruit [@pone.0064104-Conlon1], [@pone.0064104-Conlon2] or ascending aortic atherosclerosis [@pone.0064104-DavilaRoman1] may be related to atheroembolism during surgical manipulation of an atherosclerotic aorta. The adverse effect of intraoperative atheroembolism during a cardiac operation has been long recognized. [@pone.0064104-Borioni1]--[@pone.0064104-Blauth1] Blauth and colleagues [@pone.0064104-Blauth1] showed that more than 10% patients who died after a cardiac operation had embolism in kidney. A study [@pone.0064104-DavilaRoman1] showed a significant increase in the incidence of postoperative renal dysfunction as the severity of ascending aorta atherosclerosis increases from normal-mild (4. 1%) to moderate (9.0%) to severe (17.1%). The use of an intra-aortic filter captured 96.8% particulate emboli, and reduced postoperative renal complications for patients with moderate or greater preoperative risk [@pone.0064104-Banbury1].

Conlon PJ et al. have demonstrated that the duration of CPB is independently associated with the development of AKI and renal failure requiring dialysis. [@pone.0064104-Conlon2] With the revival of interest in performing CABG without CPB, OPCAB with complete avoidance of aortic manipulation may reduce the incidence of AKI. [@pone.0064104-Kim1]--[@pone.0064104-Seabra1] However, there are different opinions. [@pone.0064104-Lamy1], [@pone.0064104-Elmistekawy1] Our work also suggests that in patients with ARAS, off-pump surgery may not confer reduced risk of renal dysfunction compared with coronary bypass surgery with CPB. In this study, CPB did not seem to exert a deleterious effect on renal function in patients with ARAS. And of course, a randomized study with a larger sample size should be conducted to further elucidate this situation.

The process causing AKI in patients with ARAS in patients with ARAS may not solely due to atheroemboli. Chronic renal ischemia caused by ARAS elicits a complex biologic response. Besides of renin-angiotensin pathways underlying renal ischemia, there is evidence that additional mechanisms might be responsible for producing many of the hemodynamic alterations and end-organ injuries. [@pone.0064104-Murphy1] Renal injury in ARAS could be initiated by a reduction of nitric oxide (NO) bioavailability and increased intrarenal activity of the renin-angiotensin system, resulting in inflammation and the predominance growth promoting factors. [@pone.0064104-Murphy1], [@pone.0064104-Sigmon1] Inflammation plays a central role in the development of ischemic kidney injury [@pone.0064104-Abuelo1], [@pone.0064104-Sutton1]and it is thought that the systemic inflammatory response caused by cardiac surgery is similarly deleterious [@pone.0064104-Rosner1].

For the above reasons, although we have identified ARAS was associated with the development of AKI after cardiac surgery, we still do not know whether preventive revascularization can effectively prevent the occurrence of postoperative AKI. Moreover, some studies reported that stent implantation in patients with renal artery stenosis showed no beneficial effect on development of AKI after cardiac surgery. [@pone.0064104-Erentug1], [@pone.0064104-Zheng1] Since those kidneys typically exhibit nephron loss, nephrosclerosis, small vessel arteriosclerosis, and atheroembolic disease, lesions was not usually be reversible even with successful revascularization [@pone.0064104-Koivuviita1], [@pone.0064104-Wheatley1].

There are several limitations for interpreting the present study. First, surgical selection bias was inherent in all but prospective, randomized trials. Further investigation is needed to establish the association between ARAS and post-operative AKI. Second, postoperative renal function was estimated with the change of serum creatinine. During postoperative period, however, these estimates may not be accurate because of imbalances between creatinine production and elimination, which could be caused by many factors, including changing renal function, muscle breakdown and injury, liver dysfunction, and various medications [@pone.0064104-Bloor1].

Conclusion {#s4a}
----------

Results from our study suggested that ARAS was associated with AKI after cardiac surgery and there is a correlation between renal artery patency and preoperative-to--postoperative %ΔCr in patients with ARAS. A large, prospective, randomized multicenter study is needed to provide an explicit explanation. We believe that ARAS screening is necessary when stratifying risk for the development of AKI, particularly in patients with multiple coronary artery lesions who planning to undergo CABG or other cardiac surgeries.
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